Two multilayer systems, namely A1/A1 2 0 3 and Ti/TiN, were synthesized by using electron-beam physical vapor deposition (EBPVD). The relationship between the microstructure and properties was studied by using transmission electron microscopy (TEM), nanoindentation, Knoop microhardness and pin-on-disk tests. The deposited Al and Ti layers had polycrystalline nano-sized fee and hep structures, respectively; while the ceramic TiN layers had a fine columnar fee structure, and the A1 2 0 3 layers were amorphous. Scale effects were observed in both systems with the metal layer thickness affecting significantly the mechanical properties. In both systems, the hardness response can be described by a Hall-Petch relationship. A critical Al layer thickness of 40 nm was found for the A1/A1 2 0 3 multilayers. The hardness of the Ti/TiN multilayers with equal Ti and TiN layer thickness was found to increase down to 5 nm, the smallest layer thickness tested. The difference in the hardness response between A1/A1 2 0 3 and Ti/TiN multilayer systems was attributed to differences in microstructure and interface strengthening. The friction coefficient of A1/A1 2 0 3 and Ti/TiN multilayers was mainly controlled by the ceramic phase.
Microstructural Characterization
The microstructure of multilayers was examined by transmission electron microscopy (TEM). TEM samples were prepared by mechanical thinning, polishing and dimple grinding, followed by Ar* ion milling.
All TEM images of the films were obtained using a JEOL TEM 2010 electron microscope operated at 200 kV and a point-to-point resolution of 0.23 nm.
Knoop microhardness tests were performed on all films at a load of 10 g and the indentation depth was around 500 nm. Thus, there were different levels of substrate effect on the microhardness values depending on the hardness of the film and the penetration depth. A Hysitron Triboscope' M nanoindenter was used to access the nanohardness and reduced elastic modulus of the thin films at a load of 2 mN. At least seven indentations were taken for each film. The standard deviation was around 3-10 %. All of the contact depths were around 100 nm, which is about 10% of the total thickness of the multilayers. Thus, substrate effects for the nanohardness measurements can be neglected.
Tribological properties of all thin films were evaluated using a pin-on-disc tribometer with a 440 stainless steel ball (9.5 mm in diameter) loaded at I N. The sliding distance was 100 m at a velocity ofO.I3 m/s with a wear track diameter of 6 mm. The tests were conducted in laboratory air with 46+7% relative humidity. The friction coefficient was monitored continuously during the experiments with the aid of a linear variabledisplacement transducer and recorded on a dedicated, data acquisition computer attached to the tribometer. Thus, the TEM study showed that the Al and Ti layers are polycrystalline with fee and hep structures, respectively. The TiN layers have a columnar fee structure while the ΑΙ 2 0 3 layers are amorphous.
RESULTS AND DISCUSSION
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Mechanical Properties of Multilayers
The mechanical properties of the A1/A1 2 0 3 and Ti/TiN multilayered nanocomposite films are summarized in Tables 1 and 2 since these microstructures developed in the initial sages of film deposition as discussed previously. The latter microstructures are dense and expected to have a higher modulus. Further more, Al has a lower melting point and generally develops an equiaxed grain structure. Also, alumina is amorphous and thus, significant differences are not expected in modulus between thin and thick films involving these two components.
Regarding hardness, it should be noted that microhardness values (HK) for both systems are higher than those obtained by nanoindentation (HN). This is attributed to the sharper nanoindenter tip compared to
Knoop tip used for microhardness testing. A sharper tip is expected to result in a larger contact area reducing the hardness value. Thus, nanoindentation is a more suitable method to address scale effects at the nanoscopic level.
The results for the first group of AI/AI 2 Oi multilayers show an increase in hardness with decreasing layer thickness revealing length scale effects. The highest hardness obtained in the first group is 27.5% greater than 
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λ" and A t metallic and ceramic layer thickness, respectively; Ε (ROM) and Η (ROM) the elastic modulus and hardness as predicted by the rule of mixtures (ROM); HN = nanohardness, HK = Knoop hardness.
Table 2
Nanoindentation and microhardness results and predictions by ROM for Ti/TiN films. [4] [5] 2004 Properties ofNanocomposite Multilayer Films 
where a is a structure factor of the order of unity, R=(ma +/"«), Ha and μα are the shear moduli of material A and B, respectively (μ^ > ), and b is the Burger's vector in material B. According to Equation (I), and using μ Λ / =25.4 GPa, //^O, =155.0 GPa /1Q/ and b,\\ = 0.284 nm which is J2 calculated by using the relation h = ~~a A / for fcc-AI (the lattice parameter, a,u is obtained from the SAED), the theoretical critical Al layer thickness is calculated to be 39.74 nm. Thus, for an Al layer thickness Xai < 40 nm, the hardness is not expected to increase since the Frank-Read dislocation source could not volume fraction of the ceramic phase,/, by decreasing its layer thickness. In the case where the A1 2 0 3 layer thickness is constant k c = 40 nm (Group III), the hardness remains stable, consistent with the plateau as shown in Figure 3 . In the latter group, the thickness of the Al layers is below the critical layer thickness of 40 nm, and further strengthening is not realized. These results also show that the strengthening of the A1/A1 2 0 3 multilayers is primarily controlled by the Al layer thickness. Thus, interface strengthening seems to be far more important than in-plane grain size strengthening.
The effect of modulation period on the hardness of Group I of Ti/TiN multilayers is shown in Figure 4 (a).
It is interesting to note that the hardness exhibits a continuous increase down to a modulation period of A = Vol. 15, Nos. 4-5. 2004 Properties ofNanocomposite Multilayer Films The hardness in Group II of Ti/TiN multilayers, Table 2 , does not vary significantly by reducing the TiN layer thickness. In this group, λ ηι is constant, suggesting that as in the AI/AhOi system, the main strengthening mechanism also arises from the metal layers. which is consistent with the premise that hardness is mainly controlled by the metal layer thickness. It is interesting that this response can be extrapolated down to bulk pure Al (no or weak interface strengthening) and it holds up to the critical thickness of λ Α/ = 40 nm.
Relationship between Nanohardness and Metal Thickness Layer
Below this level, hardness exhibits a plateau and is independent of metal layer thickness, as has been observed for other multilayered systems /23-25/. It is important to note that below this critical level, hardness does not increase even though the / increases. An effect of / seems to be present only for metal layer thicknesses at or close to the critical thickness. For example, compare the hardness values at = 40 nm for various/ (Group II). Further more, the 70 nm/10 nm multilayered film exhibits a somewhat lower hardness than that of 100 nm/100 nm. Since the former value is close to the critical thickness, its low/ (12.5%) has an adverse effect compared to the / of the latter film (50%). On the other hand, the 200 nm/20 nm film has lower/ (10%) but follows the hardness trend since it is further away from critical thickness. [Thickness values are given in nm; the first number is the metal layer thickness and the second is that of the ceramic phase.]
H = H" + k>^n-
Hardness in Group I of the Ti/TiN system shows a continuous increase down to the lowest modulation period tested (A= 10 nm), Figure 5 (b). This behavior can be described by a Hall-Petch relationship with H" = 6354.2 MPa and k = 0.6 MPa.m" 2 . However, contrary to the AI/A1 2 0 3 system, this linear response does not pass through the hardness value of pure Ti film. This can be attributed to two reasons. First, pure Ti films were found to have a coarse columnar structure with presumably lower hardness than that expected for rather
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Vol. 15, Νos. 4-5, 2004 Properties ofNanocomposite Multilayer Films equiaxed Ti films present in the nanoscale layers. Second, in view of the previous arguments, the interface strengthening in this system is expected to be stronger than that in the Α1/ΑΙ 2 0.ι system. Thus, the presence of TiN is expected to result in a higher hardness due to strong interface contributions which are absent in the pure Ti film.
It is interesting to note that in Group III of Ti/TiN multilayers, where λ, is constant at 40 nm, the hardness response also shows a linear increase by decreasing λ· η down to about 20 nm. However, the rate of increase is higher compared to that of the first group. This can be attributed to the thicker TiN layer present in the third group of multilayers that can form a stronger interface barrier. Such a barrier layer is expected to be more effective in inhibiting dislocation motion in the Ti layer. Thus, a higher rate of hardness increase is observed compared to that in Group I. It should also be noted that in both of the latter groups, hardness values higher than that of pure TiN film were obtained. This is a clear indication of length scale effects in this system and similar effects have been reported previously in the literature for other systems such as Hf/HfN and W/WN
1261.
It should be noted, however, that in the latter group of Ti/TiN multilayers the hardness no longer increases below λ τί = 20 nm that is similar to the behavior observed for the A1/AI 2 OT system and other metal/ceramic systems in the literature. Hardness measurements in metallic multilayer systems also indicate that a critical bi-layer period exists below which the resistance to plasticity reaches a plateau or even decreases /23-25/. Careful examination of the plateau in Group III and extrapolating the trend of the hardness increase in Group I, indicate an upper limit in the hardness of this system at about λ 1Ί ~ 3 nm. The results indicate an upper limit for the hardness for this system that can be obtained under different combinations of metal and ceramic layer thicknesses.
This phenomenon was observed earlier in the A1/AI 2 OT multilayers but at larger λ," (λ Α Ι = 40 nm). The difference in the critical λ™ between the two multilayer systems may be attributed to their different characteristics. For example, Ti has a stacking fault energy (SFE) of 30 mJ/nr 1211 which is significantly lower than that of Al, ~ 250 mJ/nr /28/. Under one view, at length scales of a few to a few tens of nanometers, the plastic deformation mechanism is believed to involve discrete dislocation pile-ups or single dislocation motion, forming individual loops rather than continuum-scale pile-ups 1291. Under these conditions, the peak strength of nanoscale multilayers is theoretically predicted to relate to the stress needed to transmit a discrete pile-up or a single dislocation across the interface /30,3I/. Apparently, pile up formation and dislocation crossing across the interface is affected by the higher SFE of Al. Also, a weak interface strength may exist in the Al/Al 2 0 3 system. The Al 2 0 3 layers are amorphous and there is no lattice misfit strengthening at the interface between Al and Al 2 0 3 . In addition, Al does not wet Al 2 0 3 and the interface strength is expected to be weak. Such an interface is expected to form a low-strength barrier for dislocation motion across the interface.
In an alternative view, the yield behavior of multilayers is dependent on the stress-strain behavior of the constituents and is related to the stress needed to eliminate the compressive bi-axial stress in the alternating layers /32,33/. The components of the multilayers yield by confined layer slip (CLS), where the sources of dislocation loops /1,34,35/ deposit misfit dislocations at the interfaces. The stress state in the multilayers is expected to be affected significantly by the absence of lattice misfit strain at the interface due to the amorphous nature of the AhO, layers. Thus, yielding in the AI/AI 2 OI system probably occurs only by CLS in the Al layers.
Finally, comparing the two systems, it can be seen that the A1/A1 2 0-I multilayers have the ability to strengthen faster than the Ti/TiN system (higher slope in the Hall-Petch relationship. Figure 5 ). More than likely, this is due to the fact that the Al layers have an fee structure with more slip systems available than the hep Ti layers. On the other hand, the fact that the Ti/TiN system exhibits a low critical layer thickness allows it to attain higher final hardness values even beyond that of the monolithic ceramic component. On the contrary, the large critical layer thickness of the AL/ALIO? system limits its strengthening potential. Such material parameters can be utilized into designing future multilayered systems of interest. Figure 6 presents the variation of the coefficient of friction as a function of sliding distance for pure Al and AL 2 0 3 films and their bulk counterparts, along with some selected A1/AI 2 0, multilayers. The friction coefficient of bulk AL 2 0 3 and AI 2 OI film is 0.7 and 0.8, respectively; and that of pure AL film is 0.2 initially, followed by a high friction stage that eventually reaches steady-state at a friction coefficient of about 0.8, Figure 6 (a). The AL film has a thickness of about I μηι. It is interesting that in the initial stages, the friction coefficient of the Al film is significantly lower than that of the bulk Al. This difference is attributed to lower grain size present in the AL film compared to that in the bulk ΑΙ (~5 μηι). A smaller grain size causes an increase in hardness that in turn improves the frictional behavior. However. Al is characterized by a high wear rate and thus, the life of the film is short. Furthermore, due to high temperatures pertaining at the asperity contacts, Al may experience abrasive wear as a result of the oxidation of the debris during sliding, shortening its lifetime. The frictional behavior of the AI/AI 2 OT multilayers shows some periodic excursions suggesting a layer-by-layer wear mechanism. As the pin slides on the metallic layer, the friction coefficient drops due to the lower friction of the nanostructured layer. However, due to its high wear rate, the metal is worn out fast and the friction returns to the higher friction of the ceramic phase. Consistent with the above is the observation that the duration of the lower friction stage relates to the thickness of the metallic layer. 
Tribological Behavior
CONCLUSIONS
The present results showed that:
(i) The metallic Λ1 and Ti layers possessed fee and hep polycrystalline structures, respectively. The ceramic TiN layers had a columnar fee structure while the AUO3 layers were amorphous.
(ii)The hardness response of both types of multilayers was found to be controlled by the metal layer thickness. For both systems, this behavior can be described by a Hall-Petch relation up to a critical metal layer thickness. A critical layer thickness of 40 nm was clearly shown for the Al/ALO;, multilayers.
Hardness in the Ti/TiN multilayers was found to increase down to a Ti layer thickness of 5 nm, the smallest thickness studied.
(iii)The tribological results showed that the presence of the nanostructured metal layers can cause a reduction in friction but its duration is short due to their high wear rate.
